Di(2-ethylhexyl) phthalate (DEHP) is a plasticizer in many consumer products. Although DEHP is a known endocrine disruptor, little is known about the effects of DEHP exposure on female reproduction. Thus, this study tested the hypothesis that prenatal DEHP exposure affects follicle numbers, estrous cyclicity, and hormone levels in multiple generations of mice. Pregnant CD-1 mice were orally dosed with corn oil (vehicle control) or DEHP (20 and 200 mg/kg/d and 500 and 750 mg/kg/d) from gestational day 11 until birth. The F1 females were mated with untreated males to create the F2 generation, and the F2 females were mated with untreated males to create the F3 generation. At 1 year, ovaries, hormones, and estrous cycles were analyzed in each generation. Prenatal DEHP exposure altered estrous cyclicity ( Further, prenatal DEHP increased estradiol levels (F1 and F3), decreased testosterone levels (F1, F2, and F3), decreased progesterone levels (F2), altered gonadotropin hormone levels (F1 and F3), and decreased inhibin B levels (F1 and F3) . Collectively, these data show that prenatal exposure to DEHP has multigenerational and transgenerational effects on female reproduction and it may accelerate reproductive aging. (Endocrinology 159: 795-809, 2018) D i(2-ethylhexyl) phthalate (DEHP) is used as a plasticizer in polyvinyl chloride products, including building materials, children's toys, and medical tubing (1, 2). Because of its widespread use, .2 million tons of DEHP are produced annually in the world (3). This large production leads to humans being exposed daily to DEHP via ingestion, inhalation, and dermal contact (2). Average daily human exposure falls within 3 to 30 mg/kg/d, although occupational exposure levels have been calculated to reach up to 300 to 600 mg/kg body weight/d (4, 5). DEHP and its metabolite, mono(2-ethylhexyl) phthalate (MEHP), are found in human tissues, including urine (6-9), breast milk (6, 10), blood (8, 10), cord blood (11), and follicular fluid (12).
D
i(2-ethylhexyl) phthalate (DEHP) is used as a plasticizer in polyvinyl chloride products, including building materials, children's toys, and medical tubing (1, 2) . Because of its widespread use, .2 million tons of DEHP are produced annually in the world (3) . This large production leads to humans being exposed daily to DEHP via ingestion, inhalation, and dermal contact (2) . Average daily human exposure falls within 3 to 30 mg/kg/d, although occupational exposure levels have been calculated to reach up to 300 to 600 mg/kg body weight/d (4, 5) . DEHP and its metabolite, mono(2-ethylhexyl) phthalate (MEHP), are found in human tissues, including urine (6) (7) (8) (9) , breast milk (6, 10) , blood (8, 10) , cord blood (11) , and follicular fluid (12) .
DEHP is a known endocrine-disrupting chemical (EDC) that affects normal ovarian function and reproduction (13) .
Recent studies show that DEHP exposure for 10 days during early adult life accelerates primordial follicle recruitment (14) . Further, it (200 and 500 mg/kg/d) decreases total follicle numbers at 9 months after dosing (15) . Accelerated folliculogenesis and decreased total follicle numbers are a concern because they can result in early depletion of the follicle pool (16, 17) , leading to premature reproductive senescence. Because adult exposure to DEHP caused early depletion of the follicle pool 9 months postdosing (15), the current study was designed to determine if prenatal exposure to DEHP would have the same effects and if these effects would be transgenerational in nature. Specifically, this study determined the long-term effects of prenatal exposure to DEHP on primordial, primary, preantral, and antral follicles in the F1, F2, and F3 generations of mice.
While examining the effects of prenatal DEHP exposure on folliculogenesis, we also examined the effects of DEHP exposure on hormone levels. We focused on the effects of DEHP on sex steroids (estradiol, progesterone, and testosterone) because the levels of these hormones as well as some peptide hormones (inhibin B and antiMüllerian hormone) usually decrease with normal aging (18) (19) (20) (21) . We also focused on gonadotropins [folliclestimulating hormone (FSH) and luteinizing hormone (LH)] because these hormone levels typically increase with age (19, 20) . Further, Hannon et al. (15) found that acute DEHP exposure for 10 days in adult mice increased progesterone, decreased the ratio of estradiol/ progesterone, and decreased the levels of inhibin B at 9 months postdosing. These changes in hormones can lead to irregular cyclicity, with the length of each cycle increasing or decreasing, and eventually an animal can become acyclic (22) (23) (24) . Thus, the current study was designed to examine the effects of prenatal DEHP exposure on estradiol, progesterone, testosterone, inhibin B, FSH, and LH hormone levels as well as estrous cyclicity in aging female mice.
We also examined whether prenatal DEHP exposure led to the presence of ovarian cysts. This is because as animals age, hormones become irregular, estrous cycles are lengthened (25) , and the formation of cysts in the ovary is relatively common (26) (27) (28) . These cysts can arise from follicles, corpora lutea, rete ovarii, surface epithelium, ovarian bursa, or embryonic remnants (25) . Recently, Zhou et al. (29) showed that a mixture of phthalates, including DEHP, increased the occurrence of cystic ovaries at 13 months of age in mice (29) . Similarly, in a transgenerational study, prenatal exposure to a mixture of phthalates, including DEHP, increased cystic ovaries in the F2 generation of mice (30) .
In addition to very limited information on the impact of prenatal DEHP exposure on female reproductive aging, few studies have focused on the transgenerational effects of DEHP on female reproduction. In one previous study, gestational DEHP exposure reduced the primordial follicle reserve and increased preantral follicle numbers in the F1 generation of mice, and the same phenotype was observed in the F2 and F3 generations (31) . Further, in another study, prenatal exposure to a mixture of phthalates, including DEHP, increased uterine weights, altered anogenital distance (AGD), increased body weight, and increased days to pregnancy at multiple ages in both the F2 and F3 generations of mice (30) . Although these previous studies indicate that prenatal DEHP exposure may cause some transgenerational effects on female reproduction, they did not examine in detail whether prenatal DEHP exposure has long-term transgenerational effects on follicle numbers, cyclicity, or hormone levels. Therefore, the current study was designed to determine the effects of prenatal DEHP exposure on the F1, F2, and F3 generations of mice. Specifically, we tested the hypothesis that prenatal DEHP exposure affects ovarian follicle numbers and estrous cyclicity and alters hormone levels in multiple generations of aging mice.
Materials and Methods
Chemicals DEHP (99% purity) was purchased from Sigma-Aldrich (St. Louis, MO). Tocopherol-stripped corn oil (MP Biomedicals, Solon, OH) was used as a vehicle to create the desired stock solutions of DEHP.
Studies using DEHP have shown that DEHP causes nonmonotonic dose-response curves (32); therefore, a wide range of doses was chosen for our study. The doses selected were 20 mg/kg/d, 200 mg/kg/d, 500 mg/kg/d, and 750 mg/kg/d. The dose of 20 mg/kg/d was chosen because it falls within the range of daily human exposure and causes effects on ovarian development in mice (7, 33) . The dose of 500 mg/kg/d was chosen because it was found to impair testicular germ cell organization and decrease sperm count in mice (34) . Further, several doses (20 and 200 mg/kg/d and 750 mg/kg/d) were shown to accelerate folliculogenesis after 10-day adult exposure (14) .
Animals
Adult cycling female and adult male CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA) and housed in the College of Veterinary Medicine Animal Facility at the University of Illinois at Urbana-Champaign (Champaign, IL). The mice were acclimated to the facility for at least 2 weeks before use. The mice were housed individually at 25°C in conventional polystyrene cages with a 12-hour light/dark cycle. Mice were provided the Teklad Rodent Diet 8604 (Envigo, Huntingdon, United Kingdom) and high-purity water (reverseosmosis filtered) ad libitum. Animal procedures including euthanasia and tissue collections were approved by the University of Illinois Institutional Animal Care and Use Committee.
Study design and dosing
Female mice (F0) were mated with nontreated males, both 8 weeks of age, to create the F1 generation. A female was considered pregnant when a vaginal sperm plug was present. After a vaginal sperm plug was observed, females were separated from males and individually housed. From gestational day (GD) 11 until delivery of pups, the pregnant females were dosed orally by inserting a pipette tip into the cheek of the animal with the control (tocopherol-stripped corn oil) or DEHP solution. We chose to dose between GD 11 and birth because this is a critical time during ovarian development when primordial germ cells arrive at the gonad and the primordial follicle pool forms (35, 36) . The dosing volume was determined by the weight of the dam. Oral dosing was used to mimic oral exposure in humans. At 3 months of age, the F1 generation was mated with nontreated males to generate the F2 generation. When the F2 generation was 3 months of age, they were mated with nontreated males to create the F3 generation. The F3 generation was the first generation that was not exposed directly to DEHP.
Tissues
At 12 months of age, mice were euthanized, and tissues were collected. Before collections, the cyclicity of the mice was observed at approximately the same time every day, and tissues were only collected if the mice were in diestrus or metestrus (these stages are similar in both cytology and hormone profiles). Body weights (in grams) and AGDs (in millimeters) were taken prior to tissue collections. Once body weight and AGD were recorded, AGD was normalized to body weight by taking the AGD measurement and dividing it by the cubic root of body weight (37) . After the mice were euthanized, the ovaries, uteri, and liver were removed and cleaned properly, and the organ weights were recorded in grams. One ovary was fixed in Dietrich fixative to use for histological evaluation as described below. The other ovary was snap-frozen and stored for future studies. Blood was also obtained during collections, and serum was used for hormone assays as described below.
Estrous cyclicity
Estrous cyclicity was monitored by subjecting mice to daily vaginal lavage for 14 days prior to tissue collections in each generation. A mouse was considered to be in estrus when the majority of the vaginal cells were cornified epithelial cells. Mice were considered to be in diestrus when mostly leukocytes and some nucleated epithelial cells were present in the lavage. Mice were considered to be in proestrus when mainly nucleated epithelial cells were visible in the lavage. Lastly, a mouse was considered to be in metestrus if all three cell types were observed, usually with few nucleated epithelial cells. The percentage of days spent in different cycles of estrus was calculated by the number of days in a specific cycle divided by 14 and multiplying that value by 100. Metestrus and diestrus are similar in cytology and hormone profiles, so these stages were combined together for analysis.
Histological evaluation of ovaries
Ovaries were collected at 12 months of age in the F1, F2, and F3 generations of mice. The ovaries were fixed in Dietrich fixative, embedded in paraffin, and sectioned at 8 mm using a microtome. After sectioning, slides were stained with Weigert hematoxylin and picric acid-methyl blue. Every 10th section of the ovary was used to count all follicle types including primordial, primary, preantral, and antral follicles (38) . In addition, every 10th section was used to count atretic follicles, abnormal follicles, and corpora lutea (39, 40) . Follicles were considered primordial if they had an oocyte surrounded by a single layer of squamous granulosa cells; primary if they had an oocyte surrounded by a single layer of cuboidal granulosa cells; preantral if they contained an oocyte surrounded by at least two layers of cuboidal granulosa cells with a theca cell layer; and antral if they contained an oocyte surrounded by many layers of cuboidal granulosa cells with a thecal cell layer and a fluid-filled antral space called the antrum. Follicles were considered atretic if at least 10% of the follicle contained apoptotic bodies. Abnormal follicles included follicles with double oocytes and/or fragmented nuclei. Primordial and primary follicles were counted whether nuclear material was present or not, but preantral, antral, and atretic follicles were required to have nuclear material present to avoid double counting. Total follicle numbers, numbers and percent of each follicle type, percent of atretic follicles, corpora lutea per number of total sections, abnormal follicles, and presence of cysts were recorded without knowledge of treatment group. The percent of each follicle type was examined to observe the effects of DEHP exposure on the shift of the follicle pool.
Analysis of sex steroid, gonadotropin, and peptide hormone levels At 12 months of age, mice in each generation were euthanized, and blood was obtained during the collection of tissues. The sera were sent to the University of Virginia Center for Research in Reproduction Ligand Assay & Analysis Core for measurement of estradiol, testosterone, progesterone, inhibin B, FSH, and LH by enzyme-linked immunosorbent assays (estradiol, testosterone, progesterone, and inhibin B) or radioimmunoassays (FSH and LH). The lowest limits of detection were 0.15 ng/mL for progesterone, 10 ng/dL for testosterone, 3 pg/mL for estradiol, 1.17 ng/mL for FSH, 0.04 ng/mL for LH, and 10 pg/mL for inhibin B. If the measurement was lower than the lowest limit of detection, the value was substituted with the lowest limit of detection divided by the square root of 2. The intra-and interassay coefficients of variability were ,10% (https://med.virginia.edu/ research-in-reproduction/wp-content/uploads/sites/311/2016/08/ 2016-INTRA-INTER-ASSAY-CVs__032316.pdf).
Statistical analysis
For all data analysis, the software SPSS (SPSS Inc., Chicago, IL) was used. If data were normally distributed, a one-way analysis of variance was performed, followed by a Dunnett test (two-sided) if equal variances were assumed or Games-Howell test if equal variances were not assumed. If data were not equally distributed or presented as percentages, independent sample Kruskal-Wallis H tests were used to compare each treatment group, followed by Mann-Whitney U test. To evaluate cystic ovaries, mice were assigned a 0 (indicates no cysts) or 1 (cysts observed), and Fisher exact tests were used to compare treatment groups to the control. For all comparisons, statistical significance was assigned at P # 0.05. When P values were .0.05 but ,0.1, data were considered to exhibit a trend toward significance.
Results
Effect of prenatal DEHP exposure on body weights, tissue weights, and AGD in F1, F2, and F3 generations in mice at 1 year of age
In the F1 generation, prenatal exposure to DEHP did not affect body weight, liver weight, or AGD; however, it decreased ovarian weight (20 mg/kg/d) and increased uterine weights (500 and 750 mg/kg/d) compared with control (Table 1 ; n = 3 to 7 dams per treatment). In the F2 generation, DEHP (200 mg/kg/d) decreased AGD, but did not affect body weight, ovary weight, uterine weight, or liver weight (Table 1; (Table 1 ; n = 3 to 7 dams per treatment).
Effect of prenatal DEHP exposure on estrous cyclicity in F1, F2, and F3 generations in mice at 1 year of age Estrous cyclicity was monitored for 14 days in each generation prior to tissue collections. In the F1 generation, prenatal DEHP exposure significantly increased the time spent in proestrus, decreased the time spent in estrus, and increased the time spent in metestrus/diestrus in the 750-mg/kg/d treatment group when compared with the control ( Fig. 1A ; n = 4 to 7 dams per treatment; P # 0.05). In the F2 generation, prenatal exposure to DEHP did not affect estrous cyclicity (Fig. 1B) . In the F3 generation, DEHP significantly decreased the time spent in proestrus (20 and 200 mg/kg/d and 500 mg/kg/d), significantly altered the time spent in estrus (increased in the 20-mg/kg/d and decreased in the 500-mg/kg/d groups), and significantly increased the time spent in metestrus/diestrus (200 mg/kg/d and 500 and 750 mg/kg/d) compared with control ( Fig. 1C ; n = 3 to 7 dams per treatment; P # 0.05).
Effect of prenatal DEHP exposure on folliculogenesis in F1, F2, and F3 generations in mice at 1 year of age
In the F1 generation, prenatal DEHP exposure significantly decreased the number of primordial follicles (750 mg/kg/d) and caused a borderline decrease in the number of preantral follicles (20 mg/kg/d) compared with controls ( Fig. 2A ; n = 3 to 6 dams per treatment; P # 0.05; 0.05 , P , 0.1, borderline significance). In the F2 generation, DEHP caused a borderline increase in the number of primordial follicles (500 mg/kg/d) and primary follicles (200 mg/kg/d) compared with controls ( Fig. 2B ; n = 3 to 6 dams per treatment; 0.05 , P , 0.1, borderline significance). In the F3 generation, prenatal DEHP significantly increased the number of primordial follicles in the 200-mg/kg/d treatment group compared with controls ( Fig. 2C ; n = 3 to 5 dams per treatment; P # 0.05).
When we examined the percent of each follicle type, in the F1 generation, prenatal DEHP exposure significantly decreased the percentage of primordial follicles (750 mg/ kg/d), borderline decreased percentage of primordial follicles (500 mg/kg/d), significantly increased the percentage of antral follicles (500 mg/kg/d), and borderline increased the percentage of antral follicles in the 200-mg/ kg/d treatment group compared with controls ( Fig. 3A ; n = 4 to 6 dams per treatment; P # 0.05; 0.05 , P , 0.1, borderline significance). In the F2 generation, DEHP significantly decreased the percentage of antral follicles in the 200-mg/kg/d treatment group when compared with control ( Fig. 3B ; n = 3 to 5 dams per treatment; P # 0.05). In the F3 generation, prenatal DEHP exposure (20 and 200 mg/kg/d) significantly increased the percentage of b Borderline significance compared with the control (0.05 , P , 0.1). Fig. 3C ; n = 3 to 5 dams per treatment; P # 0.05).
In the F1, F2, and F3 generations, DEHP exposure did not affect the number of corpora lutea compared with controls ( Fig. 4A-4C) . Interestingly, in the F1 generation, DEHP exposure increased the presence of ovarian cysts compared with the controls (Table 2) . Specifically, in the F1 generation, DEHP exposure (750 mg/kg/d) significantly increased the presence of cysts compared with controls (Table 2 and Fig. 5A and 5B; n = 6 to 11 dams per treatment). In the F2 and F3 generations, prenatal DEHP exposure did not statistically significantly affect the presence of cysts compared with controls (Table 2) . However, it is notable that in the F2 generation, 100% of the females in the 200-mg/kg/d treatment group had cysts, whereas only 40% of the females in the control group had cysts. In the F3 generation, 100% of the females in the 500-mg/kg/d treatment group had cysts, whereas only 60% of the females in the control group had cysts. Some of these cystic structures also appeared to display ovarian endosalpingiosis. Histologically, these cysts resembled cystic glandular structures lined by benign salpingeal epithelium (41) (Fig. 5G and 5H ). In the F1 generation, two out of four ovaries in the 20-mg/kg/d treatment appeared to have cystic glandular structures lined by benign salpingeal epithelium. In the F2 generation, two out of five ovaries in the 20-mg/kg/d treatment group, one out of five ovaries in the 200-mg/kg/d treatment group, and one out of three ovaries in the 500-mg/kg/d treatment group resembled this structure. Lastly, in the F3 generation, one out of five control ovaries and one out of three ovaries treated with 500 mg/kg/d had cystic glandular structures lined by benign salpingeal epithelium.
In the F1, F2, and F3 generations, DEHP exposure did not affect the number of atretic follicles compared with control. In the F1 generation, DEHP exposure at 750 mg/kg/d significantly decreased total follicle numbers compared with controls (n = 6 to 11 dams per treatment; P # 0.05) (data not shown). In the F2 generation, prenatal exposure to DEHP at 750 mg/kg/d significantly increased the number of abnormal follicles when compared with control (n = 4 to 5 dams per treatment; P # 0.05) (data not shown).
Effect of prenatal DEHP exposure on serum sex steroid, gonadotropin, and peptide hormone levels in F1, F2, and F3 generations in mice at 1 year of age
In all three generations of mice, prenatal exposure to DEHP altered the levels of estradiol, testosterone, and Figure 2 . Effect of prenatal exposure to DEHP on follicle numbers. At 1 year of age, ovaries from the F1, F2, and F3 generations were subjected to histological evaluation of follicle numbers. Follicles in each generation [F1 in (A), F2 in (B), and F3 in (C)] were counted and separated by stage of development in each treatment group. Graphs represent means 6 standard error of the mean from three to six females per treatment group in the F1 generation, three to five females per treatment group in the F2 generation, and three to five females per treatment group in the F3 generation. *Significant differences compared with the control (P # 0.05);^borderline significance compared with the control (0.05 , P , 0.1).
progesterone. In the F1 generation, prenatal DEHP exposure (500 and 750 mg/kg/d) significantly increased levels of estradiol compared with the control, and it (500 mg/kg/d) significantly decreased levels of testosterone compared with control ( Fig. 6A and 6B ; n = 3 to 7 dams per treatment; P # 0.05). In contrast, DEHP exposure did not affect progesterone levels compared with control ( Fig. 6C ; n = 3 to 7 dams per treatment). In the F2 generation, DEHP exposure did not affect estradiol levels compared with the control, but it significantly decreased testosterone (20 mg/kg/d) and progesterone (200 mg/kg/d) compared with the control (Fig. 6A-6C ; n = 3 to 10 dams per treatment; P # 0.05). In the F3 generation, prenatal DEHP exposure (20 mg/kg/d) significantly increased levels of estradiol and it (20 mg/k/d and 500 mg/kg/d) significantly decreased levels of testosterone compared with controls ( Fig. 6A and 6B ; n = 3 to 7 dams per treatment; P # 0.05). In contrast, prenatal DEHP exposure did not affect progesterone levels compared with controls ( Fig. 6C ; n = 3 to 7 dams per treatment).
Prenatal DEHP exposure caused some changes in the levels of FSH and LH. In the F1 generation, prenatal DEHP exposure (500 mg/kg/d) significantly decreased levels of FSH, and it (20 mg/kg/d) significantly increased LH levels compared with controls ( Fig. 7A and 7B; n = 3 to 7 dams per treatment; P # 0.05). In the F2 generation, prenatal DEHP exposure did not affect FSH or LH levels ( Fig. 7A and 7B ). In the F3 generation, prenatal DEHP exposure (500 mg/kg/d) significantly increased the levels of FSH, and it borderline increased in the levels of LH (P = 0.086) compared with control ( Fig. 7A and 7B ; n = 3 to 7 dams per treatment, P # 0.05; 0.05 , P , 0.1, borderline significance).
In the F1 generation, prenatal DEHP exposure (750 mg/kg/d) significantly decreased levels of inhibin B when compared with control ( Fig. 7C ; n = 3 to 7 dams per treatment; P # 0.05). In the F2 generation, prenatal DEHP exposure did not change inhibin B levels compared with control (Fig. 7C) . In the F3 generation, prenatal DEHP exposure (500 mg/kg/d) caused a borderline decrease in the levels of inhibin B compared with controls (P = 0.080) (Fig. 7C , n = 3 to 7 dams per treatment; 0.05 , P , 0.1, borderline significance).
Discussion
In this study, we examined the effects of prenatal DEHP exposure on multiple generations of aging female mice. This study provides information on the long-term effects of prenatal DEHP exposure during the second half of gestation on aging female mice. Further, this study examines these long-term effects of prenatal DEHP , and F3 in (C)] were counted and separated by stage of development, and percentages of each follicle type were calculated for each treatment group. Graphs represent means 6 standard error of the mean from four to six females per treatment group in the F1 generation, three to five females per treatment group in the F2 generation, and three to five females per treatment group in the F3 generation. *Significant differences compared with the control (P # 0.05);^borderline significance compared with the control (0.05 , P , 0.1).
exposure in multiple generations of mice. In this study, we found that prenatal DEHP exposure affected body weights, liver weights, and AGD at 1 year in the F2 and F3 generations. It also decreased ovarian weights at 1 year in both the F1 and F3 generations, whereas it increased uterine weight at 1 year only in the F1 generation. DEHP exposure also altered estrous cyclicity at 1 year in the F1 and F3 generations of mice. Further, DEHP increased the presence of cysts and altered follicle numbers in multiple generations. Finally, DEHP exposure affected sex steroid, gonadotropin, and peptide hormone levels at 1 year in all three generations of mice.
Interestingly, the effects of DEHP exposure were not the same in each generation. This is most likely due to each generation being exposed to the phthalate differently. The F1 generation was exposed directly as the developing pup, the F2 generation was exposed as gametes within the developing pup, and the F3 generation was the first generation that did not have direct exposure to DEHP.
DEHP has a short half-life because it is quickly metabolized and excreted (42) . Therefore, it is unlikely that the DEHP levels present during gestation continued into the subsequent generations. Although we did not measure metabolites in the pregnant dams or offspring, it is possible that the pregnant dams quickly metabolized DEHP to its metabolite, MEHP. One study has shown that adult exposure to DEHP significantly increased the amount of MEHP in liver tissues taken from pregnant dams, the same mice postpartum, and their male offspring (43) . Because DEHP is metabolized rapidly, it is unlikely that all of the observed effects in the F1, F2, or F3 generations are due to DEHP itself. Instead, it is possible that MEHP or other DEHP metabolites caused several of the reproductive outcomes observed in this study.
Our data indicate that DEHP exposure (200 mg/kg/d) decreased body Figure 4 . Effect of prenatal exposure to DEHP on numbers of corpora lutea. At 1 year of age, ovaries from the (A) F1, (B) F2, and (C) F3 generations were subjected to histological evaluation of corpora lutea numbers. Graphs represent means 6 standard error of the mean from four to six females per treatment group in the F1 generation, three to five females per treatment group in the F2 generation, and three to five females per treatment group in the F3 generation.
weight at 1 year in the F3 generation, but did not affect body weights at 1 year in the F1 and F2 generations. This differs from a previous study in which prenatal exposure to a phthalate mixture, including DEHP, increased body weight in the F2 generation at 13 months of age (200 mg/ kg/d) (30) . Similarly, Manikkam et al. (44) found that low doses of plasticizers (bisphenol A, DEHP, and dibutyl phthalate) increased obesity in the F3 generation of 1-year-old female rats. It is possible our results differ from previous studies because our study exposed mice to DEHP only, and the other studies exposed animals to mixtures consisting of multiple EDCs, including DEHP.
Our data also show that prenatal DEHP exposure decreased ovarian weights at 1 year in the F1 and F3 generations, but not the F2 generation. The reasons that DEHP decreased ovarian weight are unknown. Because ovarian weight can be dependent on follicle numbers and corpora lutea numbers, we expected to observe a decrease in follicle and/or corpora lutea numbers. However, this was not the case. In the F1 generation, DEHP (20 mg/kg/d) decreased ovarian weight, but not follicle numbers. The 750-mg/kg/d treatment of DEHP did not decrease ovarian weight, but it decreased follicle numbers. Further, in the F3 generation, the 20-and 200-mg/kg/d and 500-mg/kg/d treatments decreased ovarian weight, but they did not decrease any follicle type or total follicle numbers. In addition, DEHP did not affect corpora lutea numbers in any generation of mice, and corpora lutea contribute more to ovarian weight more than follicles.
DEHP exposure also increased uterine weights at 1 year in the F1 generation, but not in other generations. This finding correlates with our data showing that DEHP exposure increased levels of estradiol in the F1 generation. Estrogen causes hyperemia and fluid uptake in the uterus, therefore causing an increase in uterine weight (45) . In contrast to our study, prenatal exposure to a phthalate mixture did not affect uterine weights at 13 months of age in mice (29) . The difference in these studies could be that our study focused on only DEHP, rather than a mixture of multiple phthalates, which could be acting differently on the uterus.
Our data indicate that all doses of DEHP decreased liver weights at 1 year in the F3 generation, but not in the F1 or F2 generations. This DEHP-induced decrease in liver weight is different from what we expected because phthalates, including DEHP, have been shown to increase liver weights by acting on peroxisome proliferatoractivated receptors, resulting in liver cell hypertrophy (46) . In a similar study, prenatal DEHP exposure reduced liver weights in female mice at postnatal day (PND) 8 (47) . In contrast, prenatal exposure to a phthalate mixture increased liver weights in the F2 generation of mice at PND 1 and PND 21, but did not alter liver weight in the F3 generation of female mice (30) . It is possible our results differ due to a mixture of phthalates vs one single phthalate and the route of exposure (F2 vs F3).
Prenatal DEHP exposure decreased AGD at 1 year in the 200-mg/kg/d treatment group in the F2 generation, but not the F1 and F3 generations. AGD is determined by prenatal androgen levels, so it is possible that DEHP decreased androgen levels in the F1 generation, leading to a decrease in AGD in the F2 generation. Although our data indicate that DEHP treatment decreased testosterone levels, this decrease was not statistically noteworthy. However, it is possible that this study did not have a large enough sample size to detect statistically meaningful differences in testosterone levels.
Prenatal exposure to DEHP altered cyclicity at 1 year in both the F1 and F3 generations of mice, but it did not affect cyclicity in the F2 generation. In the F1 generation, DEHP increased the time spent in proestrus and metestrus/ diestrus, whereas it decreased time in estrus. These results are very similar to a study by Hannon et al. (15) , in which adult acute exposure to DEHP decreased time spent in estrus, but increased time spent in metestrus/diestrus. The increased time spent in metestrus/diestrus indicates the animals are becoming acyclic, and they are exhibiting signs of reproductive aging. It is interesting that we did not observe any changes in cyclicity in the F2 generation of mice, but this could be due to different exposure windows (exposure as fetus vs germ cells). In the F3 generation, prenatal DEHP exposure decreased the time spent in proestrus, altered the time spent in estrus, and increased the time spent in metestrus/diestrus. Rodents exhibit two stages of acyclicity, the first being a persistent state of estrus followed by a persistent state of diestrus (23) . Interestingly, mice in the 500-mg/kg/d treatment group spent 100% of their time in diestrus/metestrus, clearly demonstrating persistent diestrus.
DEHP altered follicle numbers at 1 year in the F1, F2, and F3 generations of mice. In the F1 generation of mice, prenatal DEHP exposure decreased follicle numbers, whereas in the F2 and F3 generations, DEHP increased follicle numbers. In the F1 generation, DEHP exposure drastically decreased the number of primordial follicles. This drastic decline in primordial follicles, decrease in total follicle counts, and prolonged estrous cyclicity indicates that prenatal exposure to DEHP can accelerate reproductive aging. Interestingly, acute DEHP exposure (500 mg/kg/d) for 10 days decreased primordial follicle numbers and total follicle counts 9 months after dosing in mice (15) . In women, this decrease in the primordial follicle pool is the final reproductive event in menopause (48) . In the F2 and F3 generations, we observed increases in follicle numbers, but this could be due to different windows of exposure. Prenatal DEHP exposure affected the percent of follicles at 1 year in multiple generations of mice. DEHP accelerated folliculogenesis in the F1 generation, whereas DEHP decreased folliculogenesis in the F3 generation. Our results in the F1 generation are similar to those of Hannon et al. (15) , who observed a drastic decrease in the percent of primordial follicles 9 months after an acute exposure to DEHP. It is possible that this decrease in the percent of primordial follicles is due to an increase in atresia. However, this is unlikely because we did not observe any changes in atresia in any generation of mice (data not shown), although we may have missed the time point when we would observe an increase in atresia. The mice were not euthanized until they were 12 months of age, whereas Hannon et al. (15) observed an increase in atresia when mice were 9 months old. In the F3 generation, the decrease in folliculogenesis could be due to epigenetic modifications to the DNA, such as DNA methylation (49, 50) . For example, a low-dose mixture of plastics given to the F0 generation, including DEHP, significantly increased the incidence of primordial follicle pool loss in the F3 generation of female rats, and this is thought to be caused by epigenetic transgenerational inheritance following ancestral environmental exposures (44) . Our results may differ in the F3 generation, however, because we examined the effects of DEHP alone and not a mixture of plasticizers, and our exposure in the F0 ended at birth, whereas exposure to the mixture of plasticizers ended at GD 14.
Besides affecting the number of follicles in multiple generations of female mice, prenatal DEHP exposure also increased the presence of cystic ovaries at 1 year in multiple generations of mice. In the F1 generation, DEHP exposure significantly increased the presence of cysts. In the F2 and F3 generations, 100% of the DEHPtreated (200 mg/kg/d and 500 mg/kg/d) females had cystic ovaries. However, due to small numbers in each treatment group, we did not have enough statistical power for these treatment groups to be statistically different from the controls. Ovarian cysts often are a sign of reproductive aging (28) . Different types of cysts can be found in the ovary, including bursal cysts, follicular cysts, luteal cysts, and rete ovarii cysts (51) . In this study, we observed bursal, follicular, and luteal cysts. Similar to our results, prenatal exposure to a phthalate mixture, including DEHP, increased the incidence of cystic ovaries in both the F1 and F2 generations of female mice (29, 30) . Further, gestational exposure to the EDC vinclozolin increased the percentage of ovarian cysts in the F1, F2, and F3 generations of ;1-year-old female mice (52) . The mechanism by which EDCs cause cyst formations is unknown, but studies suggest the Notch signaling pathway may be involved because transgenic mice with conditionally activated NOTCH1 developed ovarian cysts at 8 months of age (53) .
While examining cysts in each generation, it appears that prenatal DEHP may be causing ovarian endosalpingiosis. Histologically, this is defined by the Figure 6 . Effect of prenatal exposure to DEHP on serum sex steroid hormone levels at 1 year of age in the F1, F2, and F3 generations of mice. Sera were subjected to enzyme-linked immunosorbent assays for the measurements of (A) estradiol, (B) testosterone, and (C) progesterone. Graphs represent means 6 standard error of the mean from 3 to 7 females per treatment group in the F1 generation, 3 to 10 females per treatment group in the F2 generation, and 3 to 7 females per treatment group in the F3 generation. *Significant differences compared with the control (P # 0.05).
presence of cystic glandular structures lined by benign tubal epithelium (41) . Little is known about endosalpingiosis, but it has been linked to pelvic pain in women (41) . A study examining the demographics and clinical presentation of endosalpingiosis discovered that out of 110 women, 40% displaying endosalpingiosis were postmenopausal women (54) . It is possible that DEHP may be accelerating reproductive aging and, as a result, causing the onset of endosalpingiosis. However, future studies should examine this possibility in more detail.
Our data also indicate that prenatal DEHP exposure altered sex steroid hormone levels at 1 year in multiple generations of mice. DEHP increased estradiol levels in the F1 and F3 generations, but did not affect estradiol levels in the F2 generation. In the F1 generation, the increases in estradiol were in the same treatment groups (500 and 750 mg/kg/d) as the increases in uterine weight. These data suggest that the DEHP-induced increase in uterine weight could be due to the DEHPinduced increase in estradiol, particularly because estradiol levels are known to increase uterine weight. DEHP also decreased the levels of testosterone in all three generations of mice. The levels of testosterone decline during the menopausal transition (55, 56) . Thus, it is possible that prenatal DEHP exposure decreases the levels of testosterone, leading to early onset of reproductive aging. DEHP exposure decreased the levels of progesterone in the F2 generation, but did not affect progesterone levels in the F1 and F3 generations. This is in contrast to one study that has shown that oral exposure to DEHP for 16 weeks decreased serum progesterone levels in female mice (57) . The difference in results could be due to different timing of exposure. Our study prenatally exposed mice to DEHP for ;10 days, whereas the other study exposed mice during adulthood for 16 weeks. Further, our DEHP doses ranged from 20 mg to 750 mg, whereas in the other study (57) , doses ranged from 125 to 2000 mg.
DEHP exposure altered the levels of gonadotropin and peptide hormones at 1 year in the F1 and F3 generations of mice, but not in the F2 generation. In the F1 generation in the 750-mg/kg/d treatment group and in the F3 generation in the 500-mg/kg/d treatment group, DEHP exposure increased FSH levels and decreased inhibin B levels. This finding is interesting because a decrease in inhibin B and rise in FSH levels are major characteristics of reproductive aging (58, 59) . Further, the low levels of inhibin B may be affecting the theca cells in the ovary. Low levels of inhibin B have been shown to act on theca cells in the ovary, leading to decreased synthesis of dehydroepiandrosterone and causing a decrease in follicle numbers and early reproductive aging Figure 7 . Effect of prenatal exposure to DEHP on serum gonadotropin and peptide hormone levels at 1 year of age in the F1, F2, and F3 generations of mice. Sera were subjected to enzyme-linked immunosorbent assays or radioimmunoassays for the measurements of (A) FSH, (B) LH, and (C) inhibin B. Graphs represent means 6 standard error of the mean from 3 to 7 females per treatment group in the F1 generation, 3 to 10 females per treatment group in the F2 generation, and 3 to 7 females per treatment group in the F3 generation. *Significant differences compared with the control (P # 0.05);^borderline significance compared with the control (0.05 , P , 0.1). (60) . However, this mechanism should be examined in future studies.
Our data showing that DEHP exposure affects gonadotropin levels suggest that DEHP may be acting on the hypothalamic-pituitary-gonadal axis. This is consistent with studies that have shown that adult exposure to DEHP significantly decreased serum FSH levels, pituitary FSH levels, and pituitary LH levels in female rats (61) . Further, adult exposure to DEHP increased the levels of gonadotropin-releasing hormone, whereas it decreased the levels of FSH and LH in female rats (62) .
In conclusion, our data show that prenatal exposure to DEHP causes some multigenerational and transgenerational effects on female reproduction. DEHP caused changes in body and organ weights, altered estrous cyclicity, altered folliculogenesis, increased the presence of cystic ovaries, and affected sex steroid, gonadotropin, and peptide hormone levels at 1 year across multiple generations. Collectively, these data suggest that prenatal DEHP exposure may accelerate reproductive aging in mice. It would be ideal if future studies could observe similar transgenerational effects with DEHP and other EDCs as well. Further, future studies should examine the mechanisms by which DEHP is affecting the many aspects of female reproduction.
